The fraction from eye tissue, however, has a specific activity 5-10 times greater than that of the liver fraction.
A wide distribution would suggest multiple targets and roles for the component during development.
Controlling the number and distribution of neurotransmitter receptors on the postsynaptic cell is an essential part of synapse formation. Cell-cell interactions are known to regulate this process at the vertebrate neuromuscular junction where presynaptic input induces a high concentration of relatively stable nicotinic acetylcholine receptors (AChRs) in the postsynaptic membrane (for review, see Schuetze and Role, 1987) . Two molecules likely to influence the distribution of muscle AChRs have been purified (Usdin and Fischbach, 1986; Nitkin et al., 1987) .
Neurotransmitter receptors on neurons may be subject to more complex regulation than that observed for muscle AChRs. Both anterograde signals from the presynaptic input and retrograde signals from the synaptic target tissue are likely to act on neurons to regulate transmitter receptors. Best studied are the AChRs of autonomic neurons. Preganglionic denervation has been reported to increase the ACh response of frog and mudpuppy parasympathetic neurons (Kuffler et al., 197 1; Roper, 1976; Dennis and Sargent, 1979) while decreasing the total number of AChRs revealed by immunocytochemistry on the cells (Sargent and Pang, 1988) . Denervation of frog sympathetic neurons and chick ciliary ganglion neurons has little if any effect on the neuronal ACh response (Dunn and Marshall, 1985; McEachem et al., 1989) , though denervation does decrease substantially the size of the intracellular AChR pool in ciliary ganglion neurons Berg, 1987, 1988) .
Retrograde signals appear to play a more dramatic role. Postganglionic axotomy, which isolates neurons from their synaptic targets, reduces the ACh response of ciliary ganglion neurons in newly hatched chicks by about lo-fold in 5 days (Brenner and Martin, 1976; McEachem et al., 1989) and reduces the total number of AChRs associated with the neurons to a similar extent Berg, 1987, 1988) . The effect is specific in that surviving neurons are similar to unoperated neurons in size and ultrastructural features and show no unilateral decrease in their GABA responses (Jacob and Berg, 1988; McEachem et al., 1989) .
The axotomy studies suggest that information from the synaptic target tissue may be necessary to maintain neurotransmitter receptors on neurons. The information could be conveyed by a component of target tissue origin acting transynaptically. Nerve growth factor is an example of a target-derived component necessary for the survival and development of sensory and sympathetic neuron populations (for review, see Barde, 1989) .
Chick ciliary ganglion neurons provide a system for identifying target-derived components that regulate neuronal AChRs. The neurons can be maintained in cell culture where they express AChRs and form functional synapses. Embryonic eye tissue, which contains all the normal synaptic targets of the neurons, has several components that influence the development of the et al. -Regulation of Acetylcholine
Receptor Function neurons in cell culture. One is ciliary neurotrophic factor (CNTF), and in the presence of 0.5 x 10m6 M unlabeled mAb 35 for lZ51-mAb a protein that can increase neuronal survival in culture (Barbin et al., 1984; Rudge et al., 1987) while specifically downregulating the number of a-bungarotoxin binding components (cYBgtBCs) on the neurons (Halvorsen and Berg, 1989) . The mammalian homolog of the chicken CNTF gene has recently been cloned from rabbit and rat and found to encode a protein of 23 kDa (Lin et al., 1989; Stijckli et al., 1989) . Eye tissue also contains a growth-promoting activity (GPA) that enhances neuronal growth in culture, and a choline acetyltransferase-stimulating activity (CSA) that increases the amount of choline acetyltransferase activity in culture without changing neuronal growth (Nishi and Berg, 198 1) . GPA includes CNTF (Halvorsen and Berg, 1989) , but CSA is clearly a separate component, having a nominal size by gel filtration of 40-50 kDa (Nishi and Berg, 198 1) .
35.
For neuronal Bgt (nBgt) binding assays, cultures were first incubated in lo-* M aBgt for 20 min at 37°C to prevent nBgt from binding to aBgt sites (Halvorsen and Berg, 1986 ). Y-nBgt was then added to a final concentration of 10e8 M in 0.7 ml, and the assay was continued as described above. Nonspecific binding was determined by including 10m7 M nBgt in the 20-min preincubation with aBgt. The amount of specific binding per culture was corrected for variations in cell number and/or cell growth among cultures by normalizing the binding for the relative amount of cytoplasm in the cultures. Lactic acid dehydrogenase (LDH), a constitutive cytoplasmic enzyme, was assayed as a means of comparing the relative amounts of cytopiasm present as previously described (Nishi and Berg, 198 1) . LDH activity was determined in aliquots of cell extracts by following spectrophotometrically the conversion of NADH to NAD in the presence of sodium pyruvate. One unit of LDH activity was defined as a decrease of 1 OD unit/min in absorption at 340 nm using a pathlength of 1 cm.
Electrophysiology. In most cases, intracellular recordings were used to examine the electrophysiological properties of neurons. Ciliary ganglion cultures were prepared from 8-d chick embryos and examined after 6-7 d in cell culture unless otherwise indicated. The procedures have been described in detail elsewhere (Smith et al., 1983; McEachem et al., 1985 McEachem et al., , 1989 . Cultures were maintained at 37°C on the stage of an inverted microscope and continuously perfused with recording solution [137 mM NaCI, 5.4 mM KCl, 0.8 mM MgSO,, 0.9 mM Na,PO,, 0.4 mM KH,PO,, 5.4 mM CaCl,, 5.6 mM glucose, 2.5 mM HEPES, pH 7.4, and the essential amino acids and vitamins nresent in Eaale's minimum essential medium (MEM)]. Neurotransmitter sensitivyties were determined by measuring changes in membrane conductance caused by transmitter being pressure-ejected (l-3 psi for l-3 set) from a pipette (4-6 pm tip diameter) positioned 10-20 pm from the soma (Choi and Fischbach,-198 1; McEachem et al., 1985; McEachem and Berg, 1988) . Transmitter sensitivities determined in this way are likely to represent the summed response of receptors on the soma since the procedure immerses the soma in the test compound. Sensitivities were calculated as the difference between the maximum conductance measured in the presence of transmitter and the resting conductance prior to application of transmitter. Unless otherwise indicated, the results have been corrected for differences in cell size by expressing them as conductance per soma surface area (pS/pm*) for individual neurons, where the surface area was calculated from the cell diameter measured in the microscope. Data were accepted only when the neuron had a resting potential more negative than -45 mV and could fire overshooting action potentials in response to intracellular stimulation, and when the recording electrode was no more than 3 mV out of balance when withdrawn from the neuron. Unless otherwise indicated, ACh was applied at 10 or 30 PM to obtain accurate, quantifiable responses with little desensitization. The EC,, for ACh is about 100 PM (Smith et al., 1983) . Since GABA responses were small, the compound was routinely tested at 50 PM, a concentration near the EC,, for GABA (McEachem and Berg, 1988) . Voltage+urrent relationships for neurons were linear over the range of -80 to -48 mV. In some cases, ACh depolarized the membrane beyond -48 mV, but little distortion of the response would have resulted from the small incursion into the nonlinear range of the current-voltage relationship (Margiotta and Berg, 1986) .
In some cases, whole-cell voltage clamp recordings were used to examine ACh responses. Such experiments included most of those testing the heat sensitivity of extract components and the aBgt sensitivity of ACh responses. The experiments used procedures previously described (Hamill et al., 1981; Margiotta et al., 1987a,b) and were performed on ciliary ganglion cultures prepared as described above or on ciliary ganglion neurons freshly dissociated from 16-18-d chick embryos (Margiotta and Gurantz, 1989) . During the recordings, the neurons were perfused with (in mM) 146 NaCl, 5-KCl, 2 Cat&,-l.MgCl,, 10 glucose, and 10 HEPES CDH 7.2). The oatch Dinette contained (in mM) 140 CsCI. 2 EGTA, 10 glucose, 2 Mg/ATP, and 5 HEPES (pH 7.2). In some cases, the EGTA/Ca*+ ratio in the pipette was adjusted to generate a free CaZ+ concentration between lo-* and 10m6 M according-to the program of Fabiato (1988) . ACh at 10-500 IBM was aDDlied to neuron somata from We report here that a component(s) of about 50 kDa in embryonic eye extract causes a lo-fold increase in the ACh response of chick ciliary ganglion neurons while producing a 1. 
Materials and Methods
Cell cultures. Freshly isolated ciliary ganglia from 8-d chick embryos were dissociated with trypsin and grown at 37°C in a 5% CO,/95% air atmosphere on a substratum of collagen and lysed fibroblasts as previously described (Nishi and Berg, 198 1) . Cultures were prepared with lo4 neurons (ii/z ganglion equivalents) in 35-mm dishes. The basal culture medium consisted of Eagle's minimal essential medium containing 10% (v/v) heat-inactivated horse serum, 50 U/ml penicillin, and 50 &ml streptomycin. The medium was supplemented with embryonic eye extract or extract fractions as indicated below, all at 3% (v/v; about 9 pg of protein/ml) unless otherwise indicated. The medium was replaced at 2-d intervals. These conditions provide for the long term survival of essentially all chick ciliary ganglion neurons in culture (Nishi and Berg, 198 1) .
Extract fractions. Eye extract was prepared from 17-l 9-d chick embryos in a modified Puck's saline containing glucose, as previously described (Nishi and Berg, 1981) . The extract (ca. 2 mg of protein/ml) was concentrated 1 O-fold using an Amicon concentrator with a PM-10 filter (10,000 MW cutoff). The concentrated extract (1.5 ml) was loaded onto a 2.1 x 42-cm column of LKB ACA 44 Ultragel equilibrated in PBS (0.1 M NaCl and 0.01 M NaPO,, pH 7.4). Fractions (3 ml) were collected, filtered for sterility, and assayed within 2 weeks. Fractions containing material of 20-30 kDa and 0.1-0.3 mg/ml protein were pooled and used as a source of CNTF, either fresh or stored frozen at -70°C.
Extracts from other tissues were prepared as described above and fractionated by passage over the same column. Fractions were assayed for protein by the method of Lowry et al. (195 1) and then diluted to yield concentrations equivalent to those obtained by fractionating eye extract.
Binding assays. For mAb 35 and CuBgt, binding assays on cells in culture were initiated by replacing the culture medium with 1 .O ml fresh medium (without extract supplements) containing either 1O-8 M 1251-aBgt or 2.5 x 1O-9 M lZ51-mAb 35. After 60 min at 37°C the reaction was terminated by removing the medium and rinsing the cells four times with 2-ml aliquots of HEPES solution (137 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO,, 0.9 mM Na,PO,, 0.4 mM KH,PO,, 1.8 mM CaCl,, 2 mg/ ml BSA, and 10 mM HEPES, pH 7.4). The cells were solubilized in 0.5 ml of 5 mM NaPO,, pH 7.4, containing 0.5% Triton X-100 and 50 mM NaCl, and measured for radioactivity with a model 119 1 Tracer y-counter. Specific binding was calculated as the difference between total binding and nonspecific binding, where nonspecific binding was taken to be that occurring in the presence of 1O-6 M unlabeled cuBgt for 1251-aBgt __ a perfusion pipette by pressure at 6-12 psi for 2-4 sec. Membrane currents were collected using an Axopatch 1C patch clamp amplifier equipped with capacity compensation (Axon Instruments, Burlingham, CA). The currents induced by ACh were filtered at 10 kHz and digitized at sample intervals of 2 msec using an Axolab 1100 in connection with the PCLAMP data acquisition and stimulation program (Axon Instru-ments) on an IBM-compatible computer (Descpro 286) with math coprocessor 80387-25. Whole-cell currents elicited by ACh microperfusion were usually measured at an applied holding potential of -70 mV and were not electronically corrected for series resistance errors. Series resistances, estimated as previously described (Margiotta and Gurantz, 1989) , were typically less than 3.5 MB. This would produce an error of less than 7 mV in the actual holding potential at the peak whole-cell current induced by 30 PM ACh (maximum response of 2000 PA). Sensitivity data were routinely compared by constructing log-normal distributions and calculating the geometric means in each case. This was done because the distribution of response magnitudes was skewed in each case rather than normal (Dennis and Sargent, 1979; Hancock et al., 1988) . For calculation of geometric means, null ACh responses were usually assigned the value of 0.1 pS/pm* since this was estimated to be the maximum response that would have been too small for detection in the present recordings. Unless otherwise indicated, the data are presented as geometric means with SEMs calculated as averages of the differences between the upper and lower geometric error limits.
Results were compared statistically by Student's t test.
Materials. White leghorn chick embryos were obtained locally and maintained at 37°C in a humidified incubator. Tissue extracts and culture media were prepared as previously described (Nishi and Berg, 198 1) . orBgt and nBgt (also known as Bgt 3.1) were purified from Bungarus multicinctus venom as previously described (Ravdin and Berg, 1979; Ravdin et al., 198 1) . olBgt was radioiodinated to a specific activity of OS-O.7 x 1O18 cpm/mol using a modified chloramine T method previously described for antibodies (Lindstrom et al., 198 1) . mAb 35 was purified and radioiodinated to a specific activity of 2-3 x lo'* cpm/ mol as previously described (Smith et al., 1985) . The hybridoma cell line secreting mAb 35 was generously provided by Dr. J. Lindstrom (Salk Institute). Other materials were bbtained as previously indicated (Halvorsen and Berg, 1986, 1987) . 8-Bromo-cyclic AMP (8-Br-CAMP) and 3-iso-butyl-1-methylxanthine (IBMX) were purchased from Sigma.
Results
Increased ACh sensitivity. Extracts prepared from embryonic chick eye tissue were examined for components that regulate the ACh response of ciliary ganglion neurons in cell culture. Gel filtration was used to fractionate the extracts, and neurons were grown for 6 d in media supplemented with CNTF and individual column fractions. Neurons receiving only CNTF developed ACh responses that were about a tenth of that obtained with complete extract. Neurons receiving column fractions that contained material of about 50 kDa developed large ACh responses, similar to those obtained from neurons grown with complete eye extract (Fig. 1) . No other column fractions had such a pronounced and reproducible effect, though sometimes a small enhancement of the ACh response was observed for cells grown with fractions containing smaller material. Normalizing the responses for cell size (pS/pm2) indicated that the 50-kDa fraction caused a specific 9.9 -t 2.0-fold increase in the ACh response (mean of 11 separate experiments).
The increased ACh response brought on by growth in the 50-kDa fraction could not be accounted for by a change in the affinity of the receptor for agonist. Even high concentrations of ACh (OS-l.0 mM) that elicited near-maximal responses and partially desensitized the neurons revealed a substantial enhancement of the ACh response in cells grown with the 50-kDa fraction (4.6 f 0.7-fold, 14-l 5 neurons for each condition, combined from two separate experiments).
The increased sensitivity also could not be accounted for by a change in acetylcholinesterase activity.
Testing neuronal responses to carbachol, an agonist resistant to hydrolysis by esterases, showed a difference of 5.4 f 1.9-fold (16-19 neurons for each condition, combined from three separate experiments) in the sensitivities of neurons grown with and without the 50-kDa fraction.
Developmental increase. The change in ACh sensitivity caused by the 50-kDa fraction occurred slowly in cell culture and rep- Similar results were obtained in two other complete fractionation experiments (though we were not always so lucky as to select the peak tube for assay). In each case, a maximum effect was obtained for fractions containing material of about 50 kDa, and the extent of the effect was comparable to that obtained with the complete extract. Normalizing the results for cell size as described in Figure 2 did not alter the pattern. Fifteen additional preparations of eye extract were fractionated by gel filtration, and the resulting 50-kDa fraction in each case was found to promote a similar increase in ACh sensitivity.
resented a developmental increase. When normalized for cell size (pS/pm2), neurons receiving only CNTF showed no specific increase in ACh response over the 7-d test period (Fig. 2) . In contrast, neurons receiving the 50-kDa fraction showed a specific increase in the ACh response that was proportional to the time of growth with the fraction. The increase did not require CNTF.
Omitting CNTF from cultures grown with the 50-kDa fraction did not reduce the ACh response of the neurons (data not shown), though it did reduce neuronal survival in some cases. The active component(s) in the 50-kDa fraction was trypsinsensitive and heat-labile.
Treating the material with 22 &ml trypsin for 1 hr at 37°C substantially reduced its ability to influence the development of ACh sensitivity. At 3% (v/v), the trypsinized 50-kDa material supported only 20 + 10% of the increase caused by untreated material (mean f SEM of two experiments; 22 neurons). If the trypsin was first inactivated by incubation with 5 pg ttypsin inhibitor per Mg trypsin, no reduction in potency was observed for the material.
Heating the 50-kDa fraction to 60°C for 1 hr partially blocked its effects. At 3%
(v/v), the heated fraction achieved 54 f 27% of the increase induced by untreated material (mean f SEM of three experiments; 16 neurons). Heating the fraction to 100°C for 1 hr blocked nearly all of the stimulatory effect (Fig. 3) .
The ACh response of chick ciliary ganglion neurons is subject to agonist-induced desensitization (Margiotta et al., 1987a,b Tissue distribution. Eye tissue was selected initially for preparation of the extracts because the tissue contains all of the structures innervated by ciliary ganglion neurons in vivo. Extracts were also prepared from other embryonic tissues and fractionated by gel filtration to determine if they contained material of 50 kDa that could promote the development of ACh sensitivity by ciliary ganglion neurons in cell culture in a similar fashion. Indeed, all tissue extracts examined had some 50-kDa stimulatory activity when assayed at high concentration (Table  1) . A quantitative comparison was carried out to determine the relative amounts of 50-kDa stimulatory activity in embryonic eye and liver tissue. Dose-response curves were constructed using 50-kDa fractions diluted to equivalent protein concentrations. The 50-kDa fraction from eye extract achieved a halfmaximal effect at 0.4-0.5% (v/v), while the 50-kDa fraction from liver had little effect at concentrations below 3% (v/v) (Fig.  4) . This suggests a difference in specific activity of at least 5-to lo-fold for the 50-kDa fractions from the two tissues. mAb 35 binding sites. One mechanism by which the 50-kDa fraction might produce a developmental increase in the ACh response is by increasing the total number of AChRs on the neurons. We examined this possibility by using the anti-AChR monoclonal antibody mAb 35 to quantitate the number of ACh responses were recorded from neurons grown for 6 d in media containing CNTF or CNTF supplemented with 50-kDa fractions from the indicated sources at 3% (v/v) from 0.3 mg/ml stock solutions. Values represent the geometric mean response * SEM, normalized for the mean response obtained from neurons in the same set of experiments grown without the 50-kDa fraction. The numbers in parentheses indicate the number of neurons tested in each case followed by the number of separate experiments from which data were compiled.
The Journal of Neuroscience, July 1991, 11(7) 2181 Liver Fraction number of neurons for each point followed by the number of experiments from which data were compiled. With respect to absolute ACh responses, the liver fractions show little effect. The "0%" determinations, however, differ for the two sets of data, reflecting the variation among experiments. If the data are normalized to the corresponding "0%" value in each case, a threefold enhancement of ACh sensitivity is obtained with the liver fraction at 3% (v/v). A similar increase is obtained with the eye fraction at about 0.4% (v/v), suggesting a difference in activity of about eightfold for fractions from the two sources. The same conclusion is reached if the data are not corrected for cell size, i.e., compared as nS/cell.
AChRs. Several lines of evidence indicate that mAb 35 recognizes the functional, synaptic AChR on chick ciliary ganglion neurons (Jacob et al., 1984; Smith et al., 1985 Smith et al., , 1986 Halvorsen and Berg, 1986 , 1990 . Neurons were grown with CNTF and column fractions for 6 d as described in Figure 1 and then assayed for 12SI-mAb 35 binding. The results were normalized to LDH activity in the cultures to control for differences in cell growth caused by the fractions. Expressed in this way, the data show that only the region of the column eluate containing material of about 50 kDa altered the relative level of AChRs on the neurons (Fig. 5A ). Combining the results obtained with 50-kDa fractions from a number of such columns yielded an average increase of 1.5 f 0.1 -fold in the number of AChRs (mean f SEM, 17 separate determinations). Scatchard analysis confirmed that the increase represents a change in the number of sites (1.6 f 0.2-fold, 12 = 2) rather than a change in the affinity of the sites for mAb 35. The concentration dependence of the effect was similar to that observed for the enhancement of ACh sensitivity by the 50-kDa fraction. A half-maximal increase in the number of mAb 35 binding sites was achieved with growth in the 0.4-0.5% (v/v) 50-kDa fraction (Fig. 5B) . LvBgt binding sites. Though the 50-kDa fraction elevated the level of mAb 35 binding on the neurons to that obtained with complete extract, the relative increase was much smaller than that observed for the ACh response. This raised the possibility that a second class of AChRs, a class not recognized by mAb 35, might be responsible for the altered sensitivity. Ciliary ganglion neurons are known to have another class of membrane components that bind choline& ligands. These are the crBgtBCs that bind cuBgt and cholinergic ligands, but not mAb 35, and are located predominantly in nonsynaptic regions on the neurons (Jacob and Berg, 1983; Loring et al., 1985; Smith et al., 1985) . No physiological function has yet been identified for the olBgtBCs. Recently, however, two genes have been cloned encoding putative subunits of cuBgtBCs in chicken brain (Schoepfer et al., 1990) . Sequence analysis of the genes suggests that they encode ligand-gated ion channels. A mAb to one of the LvBgtBC gene products immunoprecipitates a large fraction of the cuBgtBCs from chick ciliary ganglia (S. Halvorsen and D. Berg, unpublished observations). Expression of that same gene product in et al. Xenopus oocytes produces functional AChRs that are blocked by aBgt (Couturier et al., 1990 ). Accordingly, we tested the ability of the 50-kDa fraction to alter the number of lZSI-crBgt binding sites on ciliary ganglion neurons. A specific increase of 1.3 & 0.1 -fold (mean f SEM, 15 cultures per condition combined from four experiments) in the number of olBgt binding sites was observed when neurons were grown for 6 d with the 50-kDa fraction. As with mAb 35 binding sites, the increase was specific but was much smaller than the increase observed in the ACh response (Fig. 6) .
Toxin sensitivities.
Another approach to characterizing the AChRs responsible for the increased response is to examine their sensitivities to neurotoxins. It has recently been shown that neuronal AChR subtypes can differ in their responses to nBgt (Duvoisin et al., 1989; Luetje et al., 1990; Sorenson and Chiappinelli, 1990) . In previous studies with chick ciliary ganglion neurons, nBgt was found to block the ACh response while cYBgt failed to do so (Ravdin and Berg, 1979) . Neurons grown with CNTF or with CNTF plus the 50-kDa fraction have ACh responses that are largely blocked by incubating the cells for 20 min at 37°C with 10 nM nBgt (Fig. 7) . In contrast, cuBgt at 100 nM was unable to inhibit significantly the ACh response of neurons grown either with CNTF alone or with CNTF in combination with the 50-kDa fraction. The concentration of aBgt used was more than adequate to saturate the known arBgt binding sites on the neurons (Ravdin et al., 1981) . If the 50-kDa fraction induces the appearance of a new type of AChR on the neurons, it is a class of receptor that does not appear to be recognized very well by CwBgt or mAb 35, and yet is sensitive to nBgt. To identify such receptors, we measured Results were normalized for cell size as pS/pm* or PA/pm2 and then expressed as a percentage of the mean response obtained from control neurons in the absence of toxin. The geometric mean -t SEM was calculated for each condition. The numbers in parentheses indicate the number of neurons tested followed by the number of experiments; comparable numbers of control neurons were tested. nBgt blocks the ACh response from cells grown with and without the 50-kDa fraction; aBgt has no significant effect in either case. lz51-nBgt binding. Neurons grown with the 50-kDa fraction for 7 d bound 1.2 f 0.4-fold (n = 3 experiments) as much lZSI-nBgt as did control neurons. This is within the range of values obtained for the relative increments both in lZSI-mAb 35 binding and in 1251-aBgt binding to neurons grown with the 50-kDa fraction (Fig. 6 ) and is consistent with previous studies suggesting that nBgt and mAb 35 recognize a common class of AChRs on the neurons (Halvorsen and Berg, 1986, 1987) . No evidence was obtained for a new class of AChRs that bound nBgt but not mAb 35 or crBgt.
A different mechanism by which the 50-kDa fraction may increase the ACh sensitivity of neurons is by enhancing the response of existing AChRs. A change in AChR function has previously been invoked to explain a CAMPdependent increase in ACh responses observed for ciliary ganglion neurons in the absence of protein synthesis (Margiotta et al., 1987a) . Typically, incubating the neurons in 8-Br-CAMP and IBMX for 6 hr produces a 2-to 3-fold increase in the ACh response (Margiotta et al., 1987a; Margiotta and Gurantz, 1989; Vijayaraghavan et al., 1990) . A similar increment in the response was observed in the present experiments when neurons were grown with CNTF plus the 50-kDa fraction and then incubated for 6 hr with 8-Br-CAMP plus IBMX (Fig. 8 ). In contrast, neurons grown only with CNTF had a much lower ACh response, and the response was not increased by incubation with the 8-Br-CAMP and IBMX (Fig. 8) . To ensure that activation of voltage-gated channels did not contribute to the measurements, data were excluded in the analysis if the cell depolarized to more than -48 mV during the response. The results indicate that the SO-kDa fraction enhances the ability of ciliary ganglion neurons to regulate their ACh responses in a CAMP-dependent manner and, in fact, may be required for the effect.
GABA responses. A noncholinergic neurotransmitter receptor found on ciliary ganglion neurons is the GABA, receptor that binds benzodiazepines and activates a chloride conductance (McEachern et al., 1985; McEachern and Berg, 1988) . We tested the GABA responses of neurons grown in the 50-kDa fraction to determine whether noncholinergic receptors were also affected. An enhancement of 6.1 f 1.2-fold (mean f SE, 58-68 neurons for each condition, combined from eight experiments) was observed for neurons grown for 6-7 d with the 50-kDa fraction. We conclude that the stimulatory effect of the 50-kDa fraction is not confined to cholinergic receptors though it produces little enhancement of neuronal growth and little increase in the size of several classes of cholinergic binding sites on the cell surface.
Discussion
The results indicate that a soluble component(s) of about 50 kDa from the synaptic target tissue permits the development of a substantial ACh response from chick ciliary ganglion neurons in culture. The increased ACh sensitivity is accompanied by only a small increase in the number of known AChRs on the neurons. In addition, fractions containing the component enable the neurons to increase their ACh responses in a CAMP-dependent manner. Either a new population of receptors is being induced and their function is enhanced by a CAMP-dependent process, or the function of existing receptors is being altered by the component.
The 1 O-fold increase in ACh sensitivity observed for neurons grown with the 50-kDa component does not derive from a change in receptor affinity for agonist. Even at ACh concentrations sufficient to elicit near-maximal responses, an enhancement of about fivefold was observed. High agonist concentrations were not routinely used for assaying ACh responses because they partially desensitize the receptors and produce an underestimate of the enhancement. Changes in extracellular esterases also fail to account for the different levels of ACh sensitivity since qualitatively similar results were obtained with carbachol as an agonist. Though the ACh response is known to undergo agonistinduced desensitization (Margiotta et al., 1987b) , it is unlikely that the effect of the 50-kDa component is simply to reduce desensitization since growth in the component has little effect on the time course of the ACh response. It remains possible, of course, that the effect derives from changes in a more drastic and rapid rate of desensitization that has yet to be described for neuronal AChRs.
Is a new type of AChR species being induced by the 50-kDa component? A number of neuronal AChR genes have been identified both in rat and in chick (Boulter et al., 1986 (Boulter et al., , 1987 (Boulter et al., , 1990 Goldman et al., 1987; Ballivet et al., 1988; Deneris et al., 1988 Deneris et al., , 1989 Nef et al., 1988; Schoepfer et al., 1988 Schoepfer et al., , 1990 Wada et al., 1988; Duvoisin et al., 1989; Couturier et al., 1990) . The gene combinations that produce functional AChRs in vivo have yet to be determined. Affinity labeling studies have shown that mAb 35 and nBgt can recognize the same class of receptors on chick ciliary ganglion neurons (Halvorsen and Berg, 1987) and that the receptors appear to include functional, synaptic AChRs CNTF CNTF &50kD ( Ravdin and Berg, 1979; Jacob et al., 1984; Smith et al., 1985 Smith et al., , 1986 Halvorsen and Berg, 1990) . Ciliary ganglion neurons also have cuBgtBCs with nicotinic pharmacology (Chiappinelli and Giacobini, 1978; Ravdin et al., 198 1) ; they are located predominantly in extrasynaptic regions (Jacob and Berg, 1983; Loring et al., 1985) . Though no function has yet been demonstrated for arBgtBCs, recent studies suggest that they are likely to represent AChRs (Couturier et al., 1990; Schoepfer et al., 1990) . Neither cuBgtBCs nor the AChRs recognized by mAb 35 and nBgt are increased more than 50% by the 50-kDa component. If a new AChR species is being induced, however, it should bind nBgt. This follows from the observation that nBgt blocks the ACh response of neurons grown in extracts containing the 50-kDa component. To reconcile these observations, one would have to argue either that the new receptor species binds nBgt in a rapidly reversible manner or that the species generates a relatively large ACh response per nBgt binding site. et al. * Regulation of Acetylcholine Receptor Function
An alternative possibility is that the 50-kDa component changes the functional properties ofknown receptor classes. This might occur by subunit substitution as seen for muscle AChRs during development (Mishina et al., 1986; Gu and Hall, 1988) by a posttranslational modification of the receptor, or by a change in some component that interacts with the receptor.
Evidence that the functional properties of neuronal AChRs can be changed comes from the demonstration that the ACh response of chick ciliary ganglion neurons can be enhanced in a CAMP-dependent manner (Margiotta et al., 1987a; Margiotta and Gurantz, 1989; Vijayaraghavan et al., 1990 ) and the enhancement appears to involve a conversion of existing AChRs from a "silent" state to a functionally available one (Margiotta et al., 1987a) . Here, we show that acquisition of the CAMPdependent regulation in culture depends at least in part on the 50-kDa component. No CAMP-dependent enhancement was observed for ACh responses from neurons grown in the absence of the component. (It is possible that a small enhancement occurred under the basal conditions but went undetected because of the low sensitivities obtained in the absence of the SO-kDa component.) As a result, neurons grown with and without the 50-kDa component differed by more than 20-fold in their ACh responses when treated with a CAMP analog. If ciliary ganglion neurons in culture have significant resting levels of CAMP, one might expect that converting the receptors to a CAMP-regulated mode would in itself substantially increase the ACh sensitivity. This could account for the stimulatory effects of the 50-kDa component on the ACh response.
In viva, the CAMP-dependent regulation of ACh sensitivity is acquired during development (Margiotta and Gurantz, 1989) . Prior to embryonic day 9, CAMP analogs have no effect on the ACh response of freshly dissociated ciliary ganglion neurons, whereas after embryonic day 10 the effects appear maximal. This is the same time at which the neurons first establish functional synapses on the target tissue and become dependent on contact with the target tissue for survival (Landmesser and Pilar, 1974) . Both the timing of the effect in viva and its dependence in cell culture on a component from the target tissue are consistent with a model in which the component is dispatched from the target tissue to guide certain aspects of neuronal development in the ganglion.
The dependence of ACh sensitivity on target-derived components has also been examined recently with embryonic ciliary ganglion neurons in vivo (Engisch and Fischbach, 1990) . Early removal of the eye cup prevented the neurons from contacting their normal synaptic targets but did not prevent them from acquiring substantial ACh sensitivities. The stages examined (embryonic days 6.5-18) included those studied here (embryonic day 8 plus l-7 d in culture). While further work will be required to reconcile these observations, one possibility is suggested by Engisch and Fischback who point out that less than 20% of the neurons survive eye cup removal. The remaining neurons may utilize other sources for obtaining regulatory factors normally provided by the eye. Certainly, other tissues have components that can mimic the 50-kDa component from eye tissue in supporting the development of neuronal ACh sensitivity in cell culture.
The effects of the 50-kDa fraction are not confined to cholinergic receptors on the neurons. A sixfold enhancement of the GABA response was observed for neurons grown with the component. It would be of interest to know whether the same disparity in receptor number versus function occurs for changes in GABA, receptors as observed for cholinergic receptors, but existing methods do not permit quantitation of GABA, receptors on the neurons in culture (McEachem and Berg, 1988) . The fact that the 50-kDa fraction produced no change in LDH levels indicates that the effects observed on transmitter responses did not arise as a consequence of increasing cell growth in general.
It is possible that the 50-kDa fraction achieves multiple regulatory effects in the neurons by acting on a single common mechanism, e.g., changing the efficacy of a second messenger system. Alternatively, the 50-kDa fraction may include a number of active components responsible for the diverse effects. One component, for example, may cause the observed increases in binding sites while another induces the CAMP-dependent regulation of ACh responses and a third influences GABA responses. The 50-kDa material is likely to contain CSA, a factor of 40-50 kDa in eye extract that enhances the levels of choline acetyltransferase activity in the neurons (Nishi and Berg, 198 1) . Further purification will be required to identify specific molecules responsible for the individual regulatory effects.
The soluble 50-kDa eye component responsible for enhancing ACh sensitivity is trypsin-sensitive and heat-labile, as expected for a protein. Heating the material to 60°C for 1 hr reduced the activity to that expected for a sample only one-sixth as concentrated. More was lost after heating to 100°C. The residual activity may represent a different component, a high resistance to heat inactivation, or a partial renaturation upon cooling.
Previous studies have shown that a component present in myotube membrane fragments supports the maintenance of ACh sensitivity by chick ciliary ganglion neurons in culture (Tuttle, 1983) . Direct contact between the neuron and the membrane fragment may be necessary for the effect since the component was difficult to solubilize. It differs in this respect from the 50-kDa species described here. The substratum of fibroblast remnants used in the present experiments may have functionally substituted for the muscle component. Other studies have described a soluble component from spinal cord cells that increases the development of ACh sensitivity by chick sympathetic neurons in culture (Role, 1988) . The relationship between the spinal cord component and the 50-kDa species obtained from eye tissue remains to be determined.
The active component(s) described here may be present in many tissues, since the 50-kDa fraction of all extracts tested had some stimulatory activity on ACh responses. Not all sources had equivalent activity. If the same molecular species are involved, their distribution suggests that they have more than one type of cellular target and more than one kind of regulatory effect. Precedent for multiplicity of action comes from various protein regulatory factors such as cytokines where, for example, the same molecule can influence the proliferation and differentiation of macrophages on the one hand and expression of neurotransmitter phenotype by neurons on the other (Yamamori et al., 1989) . The importance of the present findings is the implication that information in the form of soluble components from the synaptic target tissue can influence the development and regulation of neurotransmitter sensitivity on neurons innervating the tissue.
